Abstract
Introduction
Composite floors are common in many buildings and bridges [1] . These floor systems often include concrete slabs placed on metal decks and supported by steel beams [2] . The composite action between concrete and metal deck is often neglected in design, unless the minimal shear resistance due to bond and friction forces is enhanced by mechanical devices [3] . But, the partial or full composite actions between concrete and steel beam are generally satisfied using shear connectors such as steel studs [4] . As a result, a longitudinal shear force will develop at the interface of concrete and steel. This longitudinal shear force can cause cracking in the concrete [5] . In addition, tensile and compressive stresses due to the flexure of composite beam may cause cracking or crushing in the concrete [6] . Cracks due to concrete shrinkage during setting of the concrete also contribute to the crack propagation after loading [7] .
Conventional steel reinforcement is a common method to reduce number of cracks and control crack propagation in concrete, but, it often results in rebar congestion and extra labor costs [1] . Thus, fiber-reinforcement using short discontinued fibers has gained some popularity as a supplemental method, if not a substitute, for conventional continuous reinforcement. In particular, application of steel fibers has been shown to be effective in reduction of crack width and spacing, and thus, increases the ductility and the overall strength of the composite beam [8] .
This paper deals with an investigation of the cracking phenomena between concrete and steel in composite beams. The purpose of presented experimental studies is to evaluate the cracking behavior of composite beams with the inclusion of steel fibers. Experimental studies include flexural tests to evaluate the effect of fiber reinforcement on the behavior of composite beams and the crack propagation within the concrete slab. An analysis is presented to compare the results with theoretical values and show the effectiveness of fiber reinforcement. 
Composite beam
Control flexural specimens contain plain concrete reinforced with welded wire mesh for comparison purposes. The crack propagation for each specimen was observed and analyzed in respect to number and width of cracks. Further, the load-deflection relationships were compared with theoretical analyses.
Each composite beam consists of a concrete slab resting upon a steel beam. The concrete slab will be bonded to the steel beam by means of shear connectors as shown in the Figure 1 . Also, adequate amount of sheer connectors is designed so the ultimate strength of the composite beam was no longer governed by the strength of studs. Further, the design aimed to place the plastic neutral axis (PNA) within the steel section to avoid any tensile crack in the concrete. The composite beam was designed following the ANSI/AISC 360 specifications [9] . The design was adjusted to minimize the thickness of concrete above the stud in order to enhance the reflection of cracks on the surface of concrete for visual observation. 2 (1.7 psf) weight and 33 mm (1-5/16 in.) depth. The specified minimum yield stress of the metal deck was 552 MPa (80 ksi) [10] .
The orientation of the ribs was parallel to the steel beam to allow more flexibility for spacing between studs. The steel studs were headed concrete anchors with 15.9 mm (5/8 in.) diameter, 81.0 mm (3-3/16 in.) length, and 4.76 mm (3/16 in.) burn off due to welding. The yield stress and the tensile strength of studs were recorded as 414 MPa (60 ksi) and 448 MPa (65 ksi), respectively. There were two types of reinforcement within the concrete slab. The first type was a welded wire mesh consisting of plain steel wires with 2.67 mm (0.105 in.) diameter at 25.4 mm (1 in.) spacing. The weight of the welded wire was approximately 1.73 kg/m 2 (0.35 psf). The second type of reinforcement was Novocon® 1050 hooked-end steel fibers manufactured from colddrawn wire, with 50 mm (2 in.) length and an aspect ratio of 50, that is 1 mm (0.039 in.) diameter. The volumetric fiber content was 0.75%, which results in approximately 59 kg/m 3 (99 pcy) or 4.24 kg/m 2 (0.87 psf) fiber content by weight. The tensile strength of fibers was specified to be 1050 MPa (152 ksi) [11] . Figure 2 shows a typical constructed composite beam after removing formworks.
Figures 3 and 4 show a typical stud layout for specimens. There were total of 12 specimens, with six of them serving as control specimens. These specimens were reinforced with welded wire mesh. There were also three different types of stud spacing for these specimens, including 100 mm (4 in.), 125 mm (5 in.), and 150 mm (6 in.). Varying the spacing allows different amounts of shear forces acting on each stud and consequent cracking in concrete. Table 1 shows the mix proportions for the concrete. Control specimens contained plain concrete as opposed to SFRC specimens that contained steel fibers. Steel fibers were added per manufacturer's specification and mixed for 75 rotations at a full mixing speed [11] . Specimens were wet cured according to AASHTO M 182 [12] . Table 2 contains the result of compression and split-tension tests on plain and fiber-reinforced concrete. Each data in this table is the average of minimum three samples per test per mix. Comparison of results in this table indicates that fiber-reinforcement has increased the tensile and compressive strengths by 74% and 29%, respectively. Furthermore, figures 5 and 6 show the effect of fibers on the failure of specimens. In particular, the figure 6 shows how fibers have kept the splitting parts of the specimen together. Figure 7 depicts the testing configuration. The composite beams will undergo flexural tests to determine the cracking behavior of the specimens. The composite beams will be simply supported with a span of 0.84 m (33 in.) between supports. A two-point loading device will be applied at the top of the beam. The clear spacing between loads is 0.25 m (10 in.). Prior to flexural testing, strain gauge sensors were bonded to the mid-span of beams, including two gauges at the top of the concrete slab, and two gauges at the bottom of the steel flange (one on each side, top and bottom) to measure compressive and tensile strains, respectively. Each specimen was loaded at the rate of 0.13 to 0.17 mm/sec (0.3-0.4 in./min.). Figure 8 shows a failed beam under flexural load and an example of traced cracks on the specimen. This is a control specimen (specimen 2) with plain concrete and studs spaced every 0.15 m (6 in.). Circled areas indicate close-up of a sample area along the span of the beam. The crack widths were measured using a 9x comparator and reticle set from Edmund Optics with the accuracy of nearly 0.1 mm (0.005 in.). Cracks were inspected throughout the test at every 22 kN (5 kip). Sketches of crack propagation were developed after the failure of composite beam specimen. Table 3 contains sample data from these inspections for a single crack, marked as number 2 in the figure 8. This process was repeated for top and sides of each specimen, as presented later here.
Mix design

Results
Compression and split-tension testing
Flexural testing
Recorded results includes the amount of cracking, crack locations, initial first crack, and crack widths for each specimen as shown in figures 11 to 22, represented later in this paper. Comparison of theoretical and observed load-deflection relationships are also provided in figures 23 to 25, shown later. Table 4 provides the maximum load and the deflection at the maximum load for each specimen. Considering the designed location of neutral axis and compressive nature of loads on concrete, fibers did not have a major impact on the stress-strain relationship of composite beams. But, the effect of spacing between studs on the recorded peak load is apparent in this table.
Theory and calculations
A moment-curvature analysis was performed on a discretized model of composite section ( Figure 9 ) using modified Kent-Park model for concrete and an elasto-plastic model with strain hardening for steel [13] . Figure 10 presents moment-curvature relationships for selected configurations. This figure shows slight increase in the peak moment due to presence of steel fibers. Load-deflection curves were obtained from this moment-curvature relationship using a plastic analysis.
Crack propagation
Figures 11 to 22 depict the tracing of cracks and their order of appearance for various specimens. These figures indicate a variety of cracking occurrences, combining shear, flexural and longitudinal cracks. Longitudinal shear cracks at the top of the slab were created due to the longitudinal shear forces between the shear studs and concrete slab. Also, cracking appears due to the loading points at the top of the slab. Shear cracks had the largest crack widths and significantly contributed to the failure of the composite beam.
Crack analysis
The crack widths were calculated throughout the loading of the beam. Average, maximum, and total values of crack widths were then calculated for each load. Figure 23 shows the trend between number of cracks and applied loads for various specimens. Fiber reinforced concrete had more cracks appear at lower loads and throughout the loading of the composite beam than the control specimens. This effect is also visible when comparing SFRC with and without welded wire mesh. Moreover, the specimens with closer spacing between studs showed smaller number of cracks. Similarly, figure 24 shows the resulted relationships between crack widths and applied loads. These relationships indicate that the SFRC composite beam containing steel mesh had the best performance in respect to controlling crack widths. Further, closer spacing between studs had a substantial impact on cracking as shown in this figure. Furthermore, selected trend lines in this figure indicate the contribution of fiber-reinforcement in limiting crack widths in comparison with plain concrete reinforced with welded-wire mesh only. Such comparison suggests the supplementary nature of steel fibers in arresting cracks.
Flexural results and analysis
Figure 25 contains load-deflection graphs for composite beam subject to flexure. This figure confirms previous results from cracking analysis and indicates better performance of the SFRC specimen with welded wire mesh. In addition, continuously reinforced samples with welded wires were able to withstand larger deflections than samples reinforced with short fibers. The effect of spacing between studs on the peak load is also apparent in this figure. But, the impact of spacing on ultimate deflection is neither clear nor reliable due to limited number of tested samples.
Conclusions
An experiment was conducted to investigate the cracking behavior of composite beams containing steel fiber-reinforced concrete with 0.75% by volume hooked-end fibers. Compressive and splitting tensile tests indicated substantial increase in the strength of concrete due to steel fibers by nearly 30% and 70%, respectively. A total of 12 specimens were prepared for four-point flexural tests. Specimens varies in respect to mix design, i.e., plain and fiber-reinforced concrete, and the spacing between studs. Composite beams were designed to achieve cracking in the concrete as the dominant failure mode. Longitudinal and shear cracks were recorded throughout the flexural tests. Observations indicated that longitudinal cracks contributed to the development of shear cracks. The spacing between studs had a major impact on reducing the number and the width of cracks. In addition, the specimen containing both welded wire reinforcement and steel fibers had the best performance in respect to lower number of cracks and smaller crack widths.
Comparison of the behavior of this specimen with those containing conventional welded wire mesh only, shows that steel fibers did not have a noticeable impact on number of cracks, but, were effective in reducing the width of cracks. Thus, steel fibers were effective as supplementary reinforcement.
However, steel fiber-reinforced composite specimens without welded wire mesh did not perform as well as control specimens. Therefore, the effect of application of steel fibers as primary reinforcement remains to be studied further.
